Objectives were to identify cows with embryo mortality (EM) around the period of corpus luteum maintenance by interferon tau (IFNT) and to characterize ovarian function in cows that underwent EM. Lactating Holstein cows received artificial insemination (AI) (Day ¼ 0) with semen or extender only. From Day 14 to 42 transrectal ultrasonography was performed daily to monitor ovarian dynamics and uterine contents whereas blood was collected every 48 h to determine ISG15 and MX2 mRNA abundance in blood mononuclear cells (Day 14 to 22 only) and determination of hormone concentrations. Cows were classified in the following reproductive status groups: cyclic (inseminated with extender; n ¼ 15), pregnant (embryo present on Day 42; n ¼ 23), no embryo (n ¼ 23), and EM (n ¼ 14). EM was defined as the presence of an embryo based on interferon-stimulated genes (ISG) mRNA abundance and concentrations of pregnancy-specific protein B (PSPB) above specific cutoff points but no embryo visualized by ultrasonography. Within the EM group, early EM (up to Day 22) was when ISG fold changes were above specific cutoff points from Day 18 to 22 and PSPB below 0.7 ng/ml on and after Day 24, whereas late EM (after Day 22) was when PSPB was above 0.7 ng/ml on or after Day 24 regardless of ISG expression. This experiment provided evidence that the combination of ISG expression patterns and PSPB concentrations is a reasonable method to determine EM around the period of corpus luteum maintenance by IFNT because cows with evidence of EM had patterns of ISG expression more similar to pregnant than cyclic cows or cows with no embryo. Within the EM group, only cows with late EM had delayed luteal regression and longer interovulatory intervals. No major alterations in follicular function were observed after the onset of luteolysis. Our results suggest that embryo development needs to continue beyond 22 days after AI to effectively prevent luteolysis and extend the luteal phase. dairy cow, embryo mortality, interferon-stimulated genes, ovarian function, pregnancy-specific protein B
INTRODUCTION
Pregnancy loss during the embryonic period of gestation (up to 42 days after artificial insemination [AI] [1] ) is a main cause of poor reproductive performance of lactating dairy cows [2, 3] . Unquestionably, the greatest detriment to cow reproductive performance is embryo loss. Nevertheless, cows that lose their pregnancy may also exhibit alterations in ovarian function leading to delayed estrus expression and re-insemination [4] [5] [6] . Pregnancy loss may also be responsible, at least in part, for the poor response to synchronization of estrus and ovulation treatments used for previously inseminated nonpregnant cows [7] [8] [9] [10] .
Timing of embryo demise is critical because embryo losses before the beginning of the period of corpus luteum (CL) maintenance by interferon tau (IFNT; ;14 to 16 days of gestation [11, 12] ) are not expected to affect ovarian function. By contrast, cows that experience embryo mortality (EM) during or after the period of CL maintenance might present extended luteal phases and interovulatory intervals due to abrogation of the luteolytic mechanism by conceptus-derived IFNT [13] [14] [15] . Because of the lack of reliable methods to detect the presence of embryos around the period of CL maintenance or simple models to mimic the process in vivo, the complex relationship between the occurrence and timing of EM around the period of CL maintenance and ovarian function has not been characterized in detail. Previous studies estimated embryo presence and subsequent demise based on the interval from AI to a next estrus, circulating concentrations of progesterone (P4), circulating concentrations of pregnancyassociated glycoproteins (PAG) [16] [17] [18] [19] , or combinations thereof. Although these studies provided useful insights into the relationship between EM and ovarian function, embryo losses might have been either overestimated or underestimated. For example, return to estrus and circulating concentrations of P4 overestimate the occurrence of EM by assuming that lack of estrus or luteal regression is exclusively due to the presence of an embryo during the period of CL maintenance. By contrast, using PAG to determine the presence of embryos during the period of CL maintenance may underestimate pregnancy losses because the first detectable rise in PAG in blood with current laboratory assays typically occurs 24 days following AI [20, 21] . Experimental models of induction of CL maintenance [15, 22, 23] using conceptus-derived proteins (i.e., IFNT) and tissues or removal of the conceptus from the uterus at different stages of pregnancy mimic to some extent the effect of EM; however, these models may not fully replicate the physiological conditions of naturally occurring EM.
More recently, changes in the pattern of gene expression in circulating immune cells in response to IFNT have been used to determine the presence of an embryo during the period of CL maintenance in cattle [24] [25] [26] [27] . Cows confirmed pregnant through visualization of a viable embryo (32 to 45 days after AI) presented increased expression of interferon-stimulated genes (ISG) such as the myxovirus resistance proteins 1 and 2 (MX1 and MX2), 2 0 -5 0 -oligoadenylate synthetase-1, and interferon-stimulated gene 15 (ISG15) in peripheral blood leucocytes when compared with nonpregnant or cyclic cows [24] [25] [26] [27] [28] . Expression of ISG was characterized by maximum mRNA expression from approximately 18 to 22 days after AI [26, 28] coincident with a period of known high IFNT release in cattle [11, 12] . Therefore, this novel approach may be used in combination with other methods such as measurement of PAG in circulation as an experimental tool to provide evidence of the presence of an embryo during the period of CL maintenance in cattle by IFNT.
Our hypotheses were that 1) coupling the determination of ISG expression in peripheral blood mononuclear cells (PBMC) and measurement of circulating concentrations of pregnancyspecific protein B (PSPB), a marker of a suite of PAG, during the period of CL maintenance by IFNT will facilitate the identification of cows with EM and 2) EM during or immediately after the period of CL maintenance will extend the CL lifespan and affect follicular wave dynamics and ovulation. Thus, our first objective was to identify lactating dairy cows that underwent EM through determination of changes in ISG expression in PBMC and PSPB concentrations in blood. Thereafter, our objective was to characterize in detail the patterns of CL growth and regression and follicular dynamics in cows that underwent EM as determined by ISG and PSPB. Defining the extent of EM around the period of CL maintenance and its impact on ovarian function is a necessary first step for the development of novel strategies to improve reproductive efficiency of lactating dairy cows.
MATERIALS AND METHODS
This research was conducted from June to December of 2013 at the Dairy Unit of the Cornell University Ruminant Center (Harford, NY). All procedures were approved by the Animal Care and Use Committee of the College of Agriculture and Life Sciences at Cornell University and complied with the Guide for the Care and Use of Agricultural Animals in Research and Teaching [29] .
Cows were housed in free-stall barns and were fed a total mixed ration once a day with ad libitum access to feed and water. The diet was formulated to meet or exceed nutrient requirements for lactating dairy cows producing 45 kg of milk per day (Cornell net carbohydrate and protein system). Cows were milked three times per day at approximately 8 h intervals and received recombinant bovine somatotropin (500 mg of Sometribove zinc, Posilac; Elanco Animal Health) at 14 days intervals beginning approximately at 60 days in milk until dry off.
Lactating primiparous (n ¼ 37) and multiparous (n ¼ 58) Holstein cows were synchronized with the Presynch-Ovsynch protocol (prostaglandin F2a [PGF2a] at 14 days, PGF2a at 12 days, gonadotropin-releasing hormone [GnRH] at 7 days, PGF2a at 56 h GnRH, and at 16 h AI; [30] ). At TAI, cows were stratified by parity and randomly assigned to be sham inseminated with semen extender only or inseminated with regular semen (henceforth referred to as semen) from seven bulls of proven fertility in a ratio of approximately one sham insemination to five inseminations with semen. In total, 20 cows were inseminated with extender only and 75 cows with semen. Straws for sham inseminations and straws containing sperm were packaged by the same laboratory (Genex CRI) and used the same extender as for frozen semen preparation. Inseminations were performed by one professional AI technician from Genex. Research personnel were blind to treatments during data collection.
Determination of Ovarian Function and Pregnancy Status
Transrectal ultrasonography (TUS) of the ovaries was conducted using a portable ultrasound machine (Ibex Pro; Ibex). In all enrolled cows, TUS was performed on Days 0, 2, and 7 (TAI ¼ 0) to assess the response to the synchronization of ovulation protocol. Cows that did not ovulate after TAI were excluded from the experiment. Thereafter, TUS of the ovaries was performed daily from Day 14 to 42 ( Fig. 1) .
At each examination, the position and diameter of follicles greater than 4 mm and CL was recorded on an ovarian map. All measurements were performed during each examination using the ultrasound machine internal digital calipers. Follicle and CL diameter was the average of the two longest perpendicular measurements. Follicle growth was determined by dividing the total growth (mm) between two specific time points by the number of days between the time points. Ovulation was defined as the disappearance of at least one follicle ! 10 mm between two consecutive examinations and confirmed by the presence of a new CL 7 days after presumptive ovulation (ovulation was not confirmed 7 days after presumptive ovulation in two cows because they ovulated 40 days after AI) on the ovary where the putative ovulatory follicle was observed. Changes in steroid hormone concentrations (estradiol [E2] and P4) were also used to confirm ovulation. The uterus of each cow was evaluated daily to determine the presence or absence of uterine fluid, placental membranes, and an embryo.
Blood Sample Collection
Blood was collected into 8-ml heparinized evacuated tubes (BD Vacutainer) via puncture of the coccygeal vein or artery on Days 0, 2, and 7 to determine circulating concentrations of P4. These samples were used to verify the response to the synchronization of ovulation protocol. Thereafter, from Day 14 to 42 after TAI, blood collection was performed every 48 h to determine circulating concentrations of P4, E2, and PSPB. Samples were immediately placed into crushed ice and centrifuged at 1700 3 g for 20 min at 48C within 2 h of collection. Plasma was harvested and transferred into two different storage tubes and stored at À208C until assays were performed.
On Days 14, 16, 18, 20 , and 22, a blood sample was collected using cell preparation tubes (CPT tubes; BD Vacutainer) to harvest PBMC (lymphocytes and monocytes) for subsequent RNA extraction. Tubes were kept at room temperature, and within 1-2 h of collection, samples were centrifuged for 30 min at 1500 3 g at room temperature. Cells were resuspended in the plasma layer and transferred into 15-ml conical tubes and centrifuged for 15 min at 500 3 g at 48C. After centrifugation, the supernatant was removed and the PBMC pellet was lysed with 200 ll Trizol (Invitrogen) and frozen at À808C until assayed.
Determination of P4 Concentrations
Progesterone concentrations in plasma were determined in duplicate using a commercial solid-phase, no-extraction radioimmunoassay (Coat-a-count; Diagnostic Products Corp.). To assess precision of the assay, control samples with high (7.4 ng/ml) and low (0.5 ng/ml) concentrations of P4 were included at the beginning and end of each assay (n ¼ 15 assays). Average detection limit for the P4 assay was 0.03 ng/ml. Average intra-assay coefficient of variation (CV) for the high-concentration sample for the 15 assays performed was 8%, whereas the inter-assay CV was 11%. For the low-concentration sample, the average intra-assay CV for the 15 assays was 14%, whereas the interassay CV was 21%.
Determination of PSPB Concentrations
Concentrations of PSPB in plasma were determined using a commercially available sandwich enzyme-linked immunosorbent assay (BioPRYN; BioTracking LLC). Samples were shipped to BioTracking LLC, and the assay performed in their laboratory. A standard curve was added to the commercial assay to determine PSPB concentrations. Six PSPB standards (0.125, 0.25, 0.5, 1.0, 2.0, and 4.0 ng/ml) and a blank were used for the analysis. A curve was fitted to the standards on each plate using a linear least squares regression. The resulting standard curve was used to determine the concentration of PSPB in each sample. Samples were run in duplicate in two separate assays. For assay validation, two control samples (high and low) containing PSPB were added to all plates in triplicate to calculate inter-and intra-assay CV. Average intra-assay CV for the high-concentration sample was 2.4%, whereas the interassay CV was 3.6%. For the low-concentration sample, the intra-assay CV was 2.9% whereas the interassay CV was 4.1%. Average detection limit for the assay was 0.3 ng/ml. WIJMA ET AL.
Determination of E2 Concentrations
Estradiol concentrations in plasma were determined by a double antibody radioimmunoassay (MaiaZen Estradiol R-FA-120; Zen Tech SA) after benzene:toluene extraction. Average detection limit was 0.3 pg/ml. To assess the precision of the assays (n ¼ 10 assays), a control sample (6.5 pg/ml) was added in quadruplicate (2 3 100 ll and 2 3 200 ll) at the beginning and end of each assay. The average intra-assay CV was 16% and the interassay CV was 17%.
RNA Extraction and cDNA Synthesis
After thawing PBMC, RNA was extracted and purified following the manufacturer instructions (Trizol; Invitrogen). Concentration and quality of RNA were assessed using a Nanodrop (ND 1000 spectrophotometer, version 3.8.1; Thermo Scientific) and with an Experion automated electrophoresis system with the Experion RNA StdSens kit (Bio-Rad) and the Experion software version 3.0 (Agilent Technologies) following the manufacturer's instructions. Because heparin was used during sample collection, heparinase (H2519; Sigma Aldrich) treatment was used to avoid interference with the assay. Briefly, samples were incubated with 1 U of heparinase I/lg of RNA, 40 U of RNasin (PRN2511; Promega Corporation), and buffer containing 5 mM Tris, 7.5, and 1 mM CaCl2 for 2 h at 258C. This was followed by DNase treatment, which was carried out using RQ1 RNase free DNase kit (M6101; Promega Corporation). Briefly, 1 lg of RNA was incubated with 1 ll of RQ1 DNase 103 Reaction Buffer and 1 ll of RQ1 RNase-Free DNase in 8 ll total volume at 378C for 30 min. One microliter of DNase stop solution was added and incubated for 10 min at 658C. Complementary DNA synthesis was done using a Dynamo cDNA synthesis kit (F470L; Thermo Scientific). A master mix made up of 10 ll reverse transcriptase (RT) buffer, 1 ll of random hexamer primers, 2 ll of M-MuLV RNase H þ reverse transcriptase with 1 lg of DNAsetreated RNA sample was incubated for 10 min at 258C for primer extension, 30 min incubation at 378C for cDNA synthesis, and 5 min at 858C for reaction termination. As a negative control for the reaction, four reaction master mixes were prepared without M-MuLV RNase H þ reverse transcriptase and served as no RT controls for our PCR assays. After cDNA synthesis, the samples were stored at À208C.
Quantitative Real Time PCR for ISG15 and MX2 Gene Expression
Except for the annealing temperature (Table 1) , all reactions were completed as follows. Real-time PCR was done using SensiMix SYBR No-ROX Kit (QT650-05; Bioline USA). Fifteen microliters of a master mix containing 10 ll of SYBR Green, 0.33 ll (15 lM) of reverse primer, 0.33 ll (15 lM) of forward primer, and 4.34 ll of nuclease-free water was added into each well. Five microliters of cDNA template (previously diluted 1:5 with nuclease-free water) was added (each sample was ran in duplicate), and the last two wells were loaded with no RT and water only controls. The following run parameters were used: denaturation at 958C for 5 min followed by 40 cycles of amplification consisting of denaturation at 95 C for 30 sec, annealing (see Table  1 for details about each gene) for 45 sec, and extension 728C for 1 min. This was followed by a final extension step of 728C for 5 min, followed by melting curve analysis. Duplicate samples that differed by more than 0.5 cycle threshold (Ct) values were re-analyzed. Standard curves consisting of 12 log dilutions of PCR-amplified template were used to validate the assays. Standard curves exhibited Ct values ranging from 5 to 35, and samples with Ct values beyond the range were excluded. Standard curves had slopes between À3.2 and À3.3, R 2 values of 0.98 or greater, and efficiencies between 100% and 105%. Signal intensity was captured and analyzed using ABI 7500 Fast real-time PCR machine (Applied Biosystems, Life Technologies). Ribosomal protein L19 (RPL19) was used as a reference gene and DCts, DDCts, and fold changes for ISG15 and MX2 were calculated as described in Livak and Schmittgen [31] using each cow's Day 14 as reference. The reference gene was chosen based on the absence of effects of treatments on the abundance of its mRNA and similar cDNA amplification efficiencies between target genes and the reference gene calculated here and elsewhere [32] .
Creation of Reproductive Status Groups
Cows that received sham insemination were included in the cyclic reproductive status group (CY) whereas cows with a viable pregnancy based on TUS examination at the end of the study, 42 days after AI, were included in the pregnant reproductive status group (PG). On the other hand, cows that received AI with semen and had no evidence of an embryo during the experimental period were considered as nonpregnant (NP). Further, NP cows were retrospectively classified into a no embryo (NE) or EM group. Cows were included in the EM reproductive status group if there was evidence of the presence of an embryo as determined by ISG15 and MX2 gene expression in PBMC and/or PSPB concentrations in plasma but no viable embryo was observed with TUS during the experimental period. Conversely, cows in the NE group did not have evidence of the presence of an embryo based on ISG expression and plasma concentrations of PSPB.
Because specific criteria to determine the presence of an embryo based on ISG expression have not been established, we used receiver operating characteristic (ROC) curve analysis to determine cutoff values for ISG15 and MX2 fold changes that provided evidence of the presence of an embryo from Day 18 to 22. Cyclic cows were used to provide data for negative outcomes because these cows did not have an embryo present any time after AI. Cows in the PG group were used to provide data for positive outcomes because all had an embryo present from Day 18 to 22. Cows in the NP reproductive status group were not included in the ROC analysis because they constituted the FIG. 1. Schematic representation of experimental procedures. Ninety five lactating Holstein cows were synchronized using the Presynch-Ovsynch protocol, and at the time of AI (Day ¼ 0), they were randomly assigned to receive AI with extender only or regular semen in a ratio of approximately 1:5. Transrectal ovarian ultrasonography was conducted and blood samples were collected at the time of AI and then 2 and 7 days after AI to verify ovulation and formation of a functional CL (P4 !1 ng/ml) based on circulating concentrations of P4 and E2. From Day 14 to 42, TUS was conducted every 24 h to record the presence and size (diameter) of all ovarian structures and evaluate uterine content. In addition, blood samples were collected every 48 h for determination of circulating concentrations of P4, E2, and PSPB. From Day 14 to 22, another blood sample was collected every 48 h to harvest PBMC for mRNA extraction and determination of ISG (ISG15 and MX2) expression.
EMBRYO MORTALITY AND OVARIAN FUNCTION group of interest for determination of the presence or absence of an embryo from Day 18 to 22 based on ISG. The ROC analysis option of MedCalc (version 12.5.0.0; MedCalc Software BVBA) was used to create the ROC curves. For each day of interest (i.e., 18, 20, and 22 days after AI), data for fold change (compared to Day 14) for CY (negative outcome) and PG (positive outcome) cows were used to determine the minimum fold change that indicated with the greatest combined sensitivity and specificity the presence of an embryo (positive outcome).
After a fold change cutoff value for each gene (i.e., ISG15 and MX2) for each day was determined, cows with no evidence of a viable embryo based on TUS (i.e., NP reproductive status group) were reclassified into the NE or EM reproductive groups as follows. Cows assigned to the EM group had a fold change above the cutoff value determined by ROC for either ISG15, MX2, or both on Days 18, 20, and 22 (e.g., ISG15 above cutoff on Days 18 and 20 but not on Day 22 and MX2 above cutoff on Day 22 but not on Days 18 and 20; at least one of the two genes was above the cutoff for each one of the days of interest). Evidence of embryo presence was also based on circulating concentrations of PSPB ! 0.7 ng/ml on or after Day 24. The cutoff selected for PSPB was based on the mean PSPB concentration for PG cows on Day 24 (0.7 ng/ml). Cows in the NE reproductive status group did not have a fold change above the cutoff value determined by ROC during any day or no more than two days during the days of interest (e.g., no ISG15 or MX2 above the cutoff for any day or ISG15 above the cutoff on Days 18 and 20 but both ISG below the cutoff on Day 22) and PSPB concentrations did not reach 0.7 ng/ml on and after Day 24.
Further, to explore the effect of EM at different time points on ovarian function, cows in the EM group were reclassified based on ISG expression and PSPB concentrations in two additional reproductive status groups: 1) early embryo mortality (EEM), that is, evidence of embryo presence based on ISG expression but PSPB concentrations below 0.7 ng/ml on and after Day 24, and 2) late embryo mortality (LEM), that is, circulating concentrations of PSPB above 0.7 ng/ml for at least 1 day on or after Day 24.
Statistical Analysis
This research was conducted as a mix of a completely randomized design (i.e., random assignment of cows to insemination with extender only or semen) and a prospective cohort study (i.e., determination of EM and ovarian function from 14 to 42 days after AI).
ISG expression differences between groups: Two separate analyses were conducted to evaluate ISG expression differences between reproductive status groups. For the first analysis, reproductive status groups (i.e., CY, NP, and PG) created based on the initial TUS diagnosis were included. The second analysis included reproductive status groups (CY, NE, EM, and PG) created based on ISG expression and PSPB concentrations as described. Differences in DDCts for ISG15 and MX2 for the different reproductive status groups were analyzed by ANOVA using the MIXED procedure of SAS (Version 9.4; SAS Institute). Normality of data for DDCts was assessed using graphical methods (histogram and Q-Q plot) generated with the UN-IVARIATE procedure of SAS and the residual option of the MIXED procedure. Reproductive status group (either CY, NP, and PG or CY, NE, EM, and PG), day after AI, the reproductive status group by day interaction, and parity were included in the model as fixed effects, whereas cow nested within reproductive status group was included as a random effect in all models.
Ovarian dynamics: Two analyses were conducted to evaluate ovarian function. The first analysis included cows in the CY, NE, and EM reproductive status groups, whereas the second analysis included cows in the CY, NE, EEM, and LEM reproductive status groups. Binomial outcomes (proportion of cows with complete luteal regression and proportion of cows ovulating) were analyzed using Fisher exact test through the FREQ procedure of SAS because some reproductive status groups had less than five positive outcomes and for some reproductive status groups 100% of the cows had a positive outcome.
Mean separation analysis was not conducted for binomial outcomes because there was an insufficient number of observations for certain subgroups for a meaningful comparison. Continuous variables (days to onset of luteal regression, days to complete luteal regression, days to ovulation, days from onset of luteal regression to ovulation, days from complete luteal regression to ovulation, maximum ovulatory follicle diameter, ovulatory follicle diameter before ovulation, ovulatory follicle growth rate to maximum diameter, and ovulatory follicle growth rate before ovulation) were analyzed by ANOVA using the MIXED procedure of SAS. The day of the onset of luteal regression was defined as the day before P4 concentrations dropped 50% below the maximum concentration observed and continued decreasing in the subsequent samples. The day of complete luteal regression was the day after ovulation at which P4 concentration was below 0.5 ng/ml. For cows that underwent complete luteal regression, E2 concentrations were evaluated after normalization to the day of the onset of luteal regression and the day of complete luteal regression, whereas for cows that presented complete luteal regression and ovulated, E2 concentrations were normalized to the day of ovulation. Because data for E2 concentrations were not normally distributed, values were log transformed before conducting the analysis and back transformed for reporting. In all cases, models included reproductive status group as a fixed effect, whereas cow nested within reproductive status group was included as a random effect. When the effect of a categorical explanatory variable was significant, the least significant difference post hoc mean separation test was used to determine differences between means.
Survival analysis for time to complete luteal regression and ovulation after AI was conducted using Cox proportional hazards regression with the PHREG procedure of SAS with reproductive status group as fixed effect. Kaplan-Meier survival curves were generated to illustrate the hazard of complete luteal regression and ovulation after AI using the Survival Analysis option of MedCalc.
All values for quantitative outcomes are reported as least square means (6 SEM) unless otherwise stated whereas for binomial outcomes proportions generated using the FREQ procedure of SAS are reported. All explanatory variables and their interactions were considered significant if P , 0.05 whereas P-values between 0.05 and 0.10 were considered a tendency. Figure 2 includes a graphical depiction of the reproductive status groups generated, the criteria used to generate the groups, and the number of cows included in the final analysis presented herein. Seventeen cows were removed from the study because they failed to ovulate after AI (n ¼ 8), presented clinical health disorders (n ¼ 3), or left the herd before completion of the study (n ¼ 6). After removal of these cows, data were available from 15 cows that received sham insemination (CY reproductive status group; seven primiparous and eight multiparous) and 63 cows inseminated with semen (27 primiparous and 36 multiparous). Data for ISG was not available for one cow in the CY reproductive status group because the RNA sample was lost during processing; however, data for this cow were included in the analysis of ovarian function.
RESULTS

Classification of Cows into Reproductive Status Groups and Incidence of EM
Within the group of cows inseminated with semen and available for analysis, 40 cows were considered NP and 23 cows were PG (36.5% pregnancy per AI) based on the initial WIJMA ET AL.
classification through TUS 42 days after AI. Three cows in the NP reproductive status group that completed the experimental period presented an embryo with a heartbeat 30 to 35 days after AI, but the embryo died before Day 42. Including these cows in the PG rather than NP reproductive status group would have resulted in 41.3% pregnancy per AI. These three cows were excluded from all analyses because their pregnancy reached a further stage of development (embryo with a heartbeat visualized by TUS) than in cows classified into the EM group based on ISG expression and concentrations of PSPB only (described below).
After reclassification of cows based on ISG expression fold changes and plasma PSPB concentrations, 23 cows remained in the NE reproductive status group and 14 cows were included in the EM reproductive status group. Based on this classification, 62% (37/60) of the cows inseminated with semen had evidence of the presence of an embryo. Of these cows, 38% (14/37) underwent EM after Day 18 based on the criteria used to define EM in the current study. Cutoff criteria, sensitivity, specificity, and area under the curve for gene expression fold change to determine the presence of an embryo on Days 18, 20, and 22 are shown in Table 2 . Day 18 was selected as the earliest day to define a criterion because it was the first day after AI when FIG. 2. Schematic representation of classification of cows to reproductive status groups for this study. Cows inseminated with semen extender only (sham AI) were assigned to the CY group. Cows that received AI with regular semen were classified into a PG or NP group based on the visualization or not of a viable embryo with TUS on Day 42. Within the NP group, cows were assigned to the EM or NE group based on ISG expression cutoff thresholds established using ROC analysis and plasma concentrations of PSPB. Cows in the EM group were further subdivided into an EEM (ISG mRNA relative abundance above established cutoff on Days 18, 20, and 22 after AI and PSPB , 0.7 ng/ml on and after Day 24) and LEM group (PSPB . 0.7 ng/ml on or after Day 24). *Three cows considered nonpregnant on Day 42 based on TUS presented an embryo with a heartbeat 30 to 35 days after AI. These cows were excluded from all analyses because the pregnancy reached a further stage of development (embryo with a heartbeat visualized by ultrasonography) than for cows classified into the EM group. TUS ¼ transrectal ultrasonography, ISG ¼ interferon stimulated genes, PSPB ¼ pregnancy-specific protein B. Furthermore, among cows with evidence of EM, 50% (n ¼ 7) underwent EEM and 50% (n ¼ 7) LEM. Figure 3 includes individual circulating concentrations for PSPB for cows in the LEM group and the mean 63 SD for cows in the PG group from 20 to 42 days after AI. Figure 4 includes the relative abundance of mRNA for ISG15 and MX2 and circulating concentrations of P4, E2, and PSPB for two representative cows in the EEM (Fig. 4, A and B) and two cows in the LEM reproductive status group, respectively (Fig. 4, C and D) .
ISG Expression
The mRNA abundance for ISG15 and MX2 for cows in the CY, PG, and NP groups was affected by reproductive status group (P , 0.001) and the reproductive status group by day interaction (P , 0.001; Fig. 5, A and B) . Days after AI tended to affect (P ¼ 0.10) ISG15 mRNA abundance and affected (P , 0.001) MX2 expression. Based on mean separation analysis, PG cows had greater ISG15 and MX2 mRNA abundance than CY and NP cows on Days 18, 20, and 22. There was no effect of parity (P . 0.10) on ISG15 or MX2 mRNA abundance.
When cows in the NP reproductive status group were subdivided in the NE and EM groups, mRNA abundance for ISG15 and MX2 were affected by reproductive status group (P , 0.001), day (ISG15: P ¼ 0.04; MX2: P , 0.001), and the reproductive status group by day interaction (P , 0.001; Fig.  6, A and B) . Cows in the PG and EM groups had greater ISG15 and MX2 mRNA abundance on Days 18 and 20 than cows in the CY and NE groups. On Day 22, cows in the PG group had the greatest ISG mRNA abundance of all reproductive status groups. Cows in the EM group had greater ISG15 and MX2 mRNA abundance than cows in the NE and CY groups (Fig. 6,  A and B) . There was no effect of parity (P . 0.1) for ISG15 or MX2 mRNA abundance.
Ovarian Function in Cows That Underwent EM
Luteal regression: The proportion of cows that underwent complete luteal regression by Day 42 was affected (P , 0.01) by reproductive status group because fewer cows in the EM group presented complete luteal regression than cows in the CY and NE groups ( Table 3 ). The timing of the onset of luteal regression (P , 0.001) and complete luteal regression (P , 0.01) was also affected by reproductive status group because cows in the EM group had more days to the onset and to complete luteal regression than cows in the CY and NE groups ( Table 3 ). The hazard of complete luteal regression from Day 14 to 42 was greater (P , 0.01; Fig. 7A ) for cows in the CY than the EM group (hazard ratio [HR] 5.6; 95% confidence interval [CI]: 2.1-15.8) and for cows in the NE than the EM group (HR 3.5; 95% CI: 1.4-8.6). Conversely, the hazard of complete luteal regression did not differ between the CY and NE groups (HR 1.6; 95% CI: 0.8-3.1).
Ovulation and follicular parameters: The proportion of cows ovulating within 42 days after AI was less (P ¼ 0.02) for cows in the EM than the CY and NE reproductive status groups (Table 3) . Furthermore, days from AI to ovulation were affected by reproductive status group (P ¼ 0.03) such that cows in the EM and NE groups had more days from AI to ovulation than cows in the CY reproductive status group (Table 3) . Mean days from the onset of luteal regression and complete luteal regression to ovulation were not affected by reproductive status group (Table 3 ). The hazard of ovulation from 14 to 42 days after AI was greater (P , 0.01; Fig. 7B ) for cows in the CY (HR 4.6, 95% CI: 1.9-11.9) and the NE groups (HR 2.5, 95% CI: 1.1-5.7) than for cows in the EM group. Conversely, the hazard of ovulation did not differ for the CY and NE reproductive status groups (HR 1.9, 95% CI: 0.9-3.7). 
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Maximum diameter of the ovulatory follicle, ovulatory follicle diameter before ovulation, growth rate to maximum size, and ovulatory follicle growth rate for the last 5 days before ovulation (cows that failed to ovulate not included) were not affected by reproductive status group (Table 3) .
Estradiol concentrations: Estradiol concentrations were affected (P , 0.001) by day relative to the onset of luteal regression, complete luteal regression, and ovulation. There was no effect (P . 0.10) of reproductive status group or the reproductive status group by day interaction on E2 concentrations relative to the onset and to complete luteal regression (Fig. 8, A and B) . Conversely, concentrations of E2 tended (P ¼ 0.05) to differ for cows in the CY, NE, and EM reproductive status groups when concentrations were normalized to the day of ovulation (Fig. 8C) .
Ovarian Function in Cows with EEM Versus LEM
Luteal regression: The proportion of cows undergoing complete luteal regression by 42 days after AI was affected by reproductive status group (P , 0.01; Table 4 ). Cows undergoing LEM had more days to the onset of luteal regression (P , 0.001) and to complete luteal regression (P , 0.001) than cows in the CY, NE, and EEM reproductive status group (Table 4 ). The hazard of complete luteal regression was greater (P , 0.01; Fig. 9A ) for cows in the CY than the LEM group (HR ¼ 11.7; 95% CI: 3.2-42.7), for cows in the NE than the LEM group (HR ¼ 7.2; 95% CI: 2.1-25.1), and for cows in the EEM than the LEM group (HR ¼ 4.3; 95% CI: 1.2-15.9). The hazard of complete luteal regression was similar for cows in the CY and NE (HR ¼ 1.6; 95% CI: 0.8-3.1), CY and EEM (HR ¼ 2.7; 95% CI: 0.9-7.6), and EEM and NE reproductive status groups (HR ¼ 0.6; 95% CI: 0.2-1.6).
Ovulation and follicular parameters: The proportion of cows ovulating within 42 days after AI was affected by reproductive status group (P , 0.01; Table 4 ), which also affected the timing of ovulation after AI (P , 0.001). Cows in the LEM group had the longest interval to ovulation whereas cows in the EEM group had similar interval to ovulation than cows in the NE and CY groups (Table 4) . Cows in the NE group had more days to ovulation than cows in the CY group. The hazard of ovulation was greater (P , 0.01; Fig. 9B ) for cows in the CY than cows in the LEM group (HR ¼ 13.6; 95% CI: 2.9-61.9), for cows in the NE than the LEM group (HR ¼ 7.2; 95% CI: 1.7-31.4), and for cows in the EEM than the LEM group (HR ¼ 7.3; 95% CI: 1.5-36.4). The hazard of ovulation was similar for cows in the CY and NE group (HR ¼ 1.9; 95% CI: 0.9-3.7), CY and EEM (HR ¼ 1.8; 95% CI: 0.7-4.9), and for cows in the EEM and NE groups (HR ¼ 1.0; 95% CI: 0.4-2.5). 
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DISCUSSION
A necessary first step to test the hypothesis that EM around the period of CL maintenance by IFNT alters ovarian function was to identify cows that underwent EM. In the current study, we defined EM based on ISG expression in PBMC and circulating concentrations of PSPB (marker of a suite of PAG). Greater ISG15 and MX2 mRNA abundance for the PG than CY reproductive status group from 18 to 22 days after AI indicated that the presence of an embryo induced substantial changes in ISG mRNA relative abundance in PBMC during a period of expected IFNT secretion by the embryo and abrogation of luteolysis [12, 14, 15] . On the other hand, the lack of difference in ISG mRNA expression for the CY and NP reproductive status groups suggested that cows classified as NP did not have an embryo present during the period of CL maintenance. Our observations for the PG and NP reproductive status groups are in agreement with previous studies that retrospectively classified cows based on pregnancy status determined by TUS at 32 to 45 days after AI [24] [25] [26] . Nevertheless, a major caveat of evaluating ISG expression retrospectively in cows diagnosed NP based on TUS several days after determination of ISG expression is that embryo death from the time of ISG determination to the time of TUS cannot be determined. Because of this, we hypothesized that within the NP group it would be possible to identify cows with evidence of the presence and subsequent demise of an embryo through ISG expression and PSPB concentrations. In our experiment, the potential confounding effect of undetected EM for the determination of cutoff values for ISG was eliminated by including a group of CY cows not exposed to an embryo and a group of cows with a viable pregnancy up to 42 days after AI. Thus, in support of our hypothesis when cows assigned to the NP group were subdivided in the NE and EM groups, cows in the EM group exhibited ISG15 and MX2 mRNA relative abundance similar to PG cows and greater than cows in the NE and CY reproductive status groups. In addition, the lower ISG mRNA relative abundance exhibited by cows in the EM than PG group on Day 22 was likely a reflection of poor embryo quality, delayed embryo development, embryo demise, or a combination of these for some cows in the EM group. In agreement, Ribeiro et al. [33] recently reported lower concentrations of IFNT in the uterine fluid of cows with . Different letters within the same day indicate P , 0.05. ISG ¼ interferon-stimulated genes.
WIJMA ET AL. embryos at earlier than later stages of development (ovoid , tubular , filamentous) 15 days after AI. On the other hand, the similar pattern of ISG expression for the NE and CY groups suggests that in cows from the NE group, no embryo developed up to the period of CL maintenance by IFNT or that embryo development did not involve substantial production of IFNT.
Based on our criteria to define the presence and subsequent demise of an embryo, 62% of the cows inseminated with semen (67% when including the three cows with EM .30 days after AI) presented evidence of an embryo around the period of CL maintenance by IFNT. Our results are in agreement with recent studies in which 66% (40/60; data combined from [34] [35] [36] ) of cows had an embryo at slaughter 16 to 17 days after AI and two recent studies in which 61% (134/220) of cows were considered pregnant based on detection of IFNT in the uterine fluid 15 days after AI [33, 37] . Likewise, our estimation of EM is in agreement with the results of Han et al. [26] who reported that 33% (4/12) of lactating dairy cows considered pregnant based on their ISG15 mRNA profile were diagnosed nonpregnant by TUS 32 days after AI.
Unfortunately, the results of our study are not directly comparable to many of the previous reports that have estimated EM around the period of maintenance of the CL by IFNT because most studies based their estimation of EM on return to estrus, P4 profiles, PAG profiles, or their combination [16] [17] [18] [19] . Determination of EM based on P4 profiles after AI lacks specificity because it does not provide evidence of the presence of an embryo. The use of PAG provides direct evidence of the presence of an embryo, but not all cows exhibit detectable concentrations during the early period of CL maintenance by IFNT with current laboratory assays [20, 21] .
The criteria used in the current study to identify cows with EM also has weaknesses because it relied on indirect evidence of IFNT production by the embryo and the presence of an embryo was not confirmed by other methods. In addition, it may have underestimated or overestimated the presence of embryos based on ISG mRNA relative abundance because ISG expression may be affected by factors other than IFNT. For example, infectious processes are known to induce ISG expression [38] [39] [40] . We attempted to minimize the potential confounding effect of infections on ISG expression by removing all cows that exhibited clinical signs of disease; however, it is possible that infections that did not cause clinical signs affected our results. Indeed, subclinical infections could explain, at least in part, why two cows in the CY group exhibited ISG mRNA relative abundance levels indicative of the presence of an embryo. On other hand, we attempted to minimize false positive outcomes and overestimating EM by 
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defining the presence of an embryo based on ISG when cows presented fold changes for ISG15 or MX2 above the ROC cutoff point for 3 days rather than only one or two. In this regard, Han et al. [26] reported greater predictive ability of pregnancy status in dairy cows when using ISG15 mRNA levels for at least four consecutive days beginning 18 days after AI rather than on Day 18 only. However, this stringent method to classify cows resulted in the potential misclassification of three cows based on ISG (no embryo present based on ISG) in the LEM group. Detailed examination of ISG expression for these cows revealed that two cows had ISG15 or MX2 fold changes above the respective cutoff for each gene for at least 1 day. The other cow presented ISG fold changes above the cutoff for 2 days. It is unclear at the moment why these cows did not exhibit ISG expression above the cutoff for each one of the days analyzed but had detectable PSPB concentrations. Interestingly, two of these cows were primiparous, which in a previous study [25] but not in ours had greater ISG expression than multiparous cows at the same stage of pregnancy. It is possible that these cows had smaller embryos that produced less IFNT [33, 36, 37, 41] and thereby stimulated less ISG mRNA expression in PBMC [41] . Indeed, a positive dose response relationship was documented after intrauterine infusion of IFNT [42] or in vitro treatment [43] for ISG expression in PBMC in cattle. Likewise, two cows in the PG reproductive status group also failed to present ISG above the cutoff during the 3 days (one cow had ISG expression over the threshold 2 days whereas the other was for 1 day only). In agreement, Han et al. [26] reported that 22% of lactating dairy cows diagnosed pregnant by TUS 32 days after AI were incorrectly diagnosed nonpregnant based on serial determination of ISG15 mRNA abundance. Thus, additional research is needed to better characterize the multiple factors other than IFNT that may induce ISG expression and the ISG response in PBMC to embryos of different sizes and stages of development in lactating dairy cows.
The most notable outcome of IFNT secretion by the bovine embryo is the prevention of luteolysis [44, 45] . Thus, we expected cows with EM during or immediately after the period of CL maintenance by IFNT to exhibit altered ovarian function; in particular extended luteal phases and/or increased interovulatory intervals. In support of our hypothesis, cows with EM were less likely to undergo complete luteal regression, had delayed luteal regression, reduced ovulation rate, and longer interovulatory intervals. Moreover, we observed substantial variation for the timing of complete luteal regression among cows in the EM reproductive status group with a range of 18 to 40 days after AI and ;30% of the cows without complete luteal regression by the end of the observation period 42 days after AI. Our results are in agreement with previous studies that documented altered ovarian dynamics in cows with evidence of pregnancy loss based on PAG concentrations [16] [17] [18] [19] in cows that received intrauterine infusions of IFNT [15] or in cows in which conceptus lysates were infused into the uterus before or during the expected time of CL maintenance by IFNT [23] . To the best of our knowledge this is the first study to document alterations to ovarian dynamics in cows with putative EM based on ISG expression in PBMC and circulating PAG concentrations.
Cows with evidence of EM were separated further into EEM and LEM groups because we speculated that ovarian function could be affected differently depending on the timing of EM. Based on the current understanding of ISG expression and PAG concentration patterns, the observation of PSPB concentrations similar to those of cows with a viable pregnancy was interpreted as an indication of further embryo development than when only ISG mRNA above the cutoff points selected was observed. For cows in the EEM reproductive status group, it was assumed that an embryo survived to produce sufficient IFNT to induce ISG expression; however, the embryo died before producing detectable amounts of PSPB. Our observations for the EEM and LEM reproductive status groups offered interesting insights about the relationship between EM and ovarian function. Only cows that suffered LEM were less likely to undergo complete luteal regression, have delayed luteal regression, and longer interovulatory intervals than cows in the CY and NE reproductive status groups, whereas cows in the EEM group exhibited patterns of CL regression and ovulation similar to those of cows in the NE and CY reproductive status groups. Our observations are in agreement with the traditional definition of EEM and LEM based on the timing of return to estrus after AI whereby return to estrus before 24 days after AI is indicative of lack of fertilization or EEM, whereas return to estrus after 24 days after AI is indicative of LEM [19] . The traditional definition of EEM and LEM was based on the notion that extension of the interestrus interval beyond 24 days is due to embryo demise at least 16 days after ovulation when substantial IFNT production is initiated in cattle [11, 12] . Our current results, however, suggest that embryo death from 16 to 22 days after AI does not necessarily extend the luteal phase. For cows in the EEM reproductive status group, there was evidence of the presence of an embryo based on ISG mRNA from 18 to 22 days after AI, but these cows completed luteal regression at a similar time as cows in the CY and NE reproductive status groups. A plausible explanation for these observations is that embryos from cows in the EEM group survived beyond Day 16 and reached a stage of development at which they produced sufficient IFNT to induce ISG expression but insufficient to prevent luteolysis. These embryos might have been developmentally impaired and thereby of smaller size than expected during the period of CL maintenance by IFNT. Indeed, the presence of a smaller embryo was associated with lower IFNT concentrations in the uterine lumen [33, 36, 37] and a greater 13, 14-dihydro-15-keto-prostaglandin F2alpha (a PGF2a metabolite) response to an oxytocin challenge [36] . Also, greater ISG mRNA abundance in PBMC was reported for cows that received intrauterine infusion of greater doses (1000 vs. 500 lg) of recombinant IFNT [42] . Despite these observations, we cannot speculate about the size or the capability of embryos to produce IFNT in cows with EEM because a quantitative relationship between ISG mRNA abundance in PBMC with embryo size and IFNT production in vivo has not been determined for cows. Asynchrony between the actual time of IFNT production and the time at which IFNT was necessary to prevent luteolysis is another possible explanation for our observations. Indeed, for some cows, the onset of luteolysis was observed before Day 18 to 22 when ISG expression was evident (Fig. 4, A and B) suggesting that luteolysis began before the embryo was capable of producing sufficient IFNT to prevent it.
Based on the fact that in cows with evidence of EEM from 18 to 22 days after AI the luteal phase and interovulatory interval were not extended, we speculate that in lactating dairy cows normal conceptus development needs to continue beyond 22 days of gestation to effectively prevent luteolysis and extend the luteal phase substantially. Unfortunately, the exact relationship between days of exposure to IFNT or to an embryo in-vivo and the magnitude of the extension of the luteal phase is unknown. Notably, studies that intended to mimic the process of CL maintenance by IFNT through intramuscular injections of IFN-a from Day 14 to 17 [46] , uterine infusion of conceptus lysates twice daily from Day 14 to 18 [23] , or embryo removal from Day 17 to 19 [23] extended the luteal phase for only 3 to 4 days. In contrast, the luteal phase was extended by 8 days in cows that received twice daily intrauterine infusions of IFNT from Day 14 to 24 [15] , and some cows did not present complete luteal regression by the end of the observation period 35 days after ovulation. An implication of our observations for the timing of EM and its relationship with ovarian function is that the duration of the luteal phase or the interovulatory interval may not be accurate predictors of the occurrence and timing of EM because embryo demise during the period of CL maintenance by IFNT did not necessarily extend the luteal phase and the interovulatory interval. In this regard, research to elucidate the mechanisms underpinning EM in dairy cattle should not only focus on the prehatching period of development when most EM is believed to occur [3, 47] but also on the period of elongation when the process of CL maintenance occurs. Because immediately before and during the period of CL maintenance by IFNT, the conceptus is undergoing rapid growth and elongation [48, 49] , the potential causes of EM may be different than during the period from fertilization to the beginning of elongation.
Another objective of this experiment was to evaluate follicular dynamics in cows that underwent EM because it has not been studied in detail. Interestingly, we did not observe substantial alterations of the follicular dynamics from the approximate time of the onset of luteal regression to ovulation in cows with EM. For cows that exhibited luteal regression and ovulated, the patterns of follicle growth and size (diameter) after the onset of luteal regression were not different for cows in the EM reproductive status group. It is important to note that there were cows that did not undergo complete luteal regression or ovulate 42 days after AI. Therefore, days to TABLE 4. Ovarian function parameters for cows in the cyclic, early embryo mortality (EEM), late embryo mortality (LEM), and no embryo reproductive status groups as determined by transrectal ultrasonography, pregnancy-specific protein B, and ISG expression in peripheral blood mononuclear cells. 
complete luteal regression and to ovulation were biased toward cows that had the shortest interovulatory intervals among cows with EM. The lack of difference in E2 concentrations during the period of CL regression and periovulatory period also supported the notion that the presence and subsequent demise of an embryo did not cause direct or indirect (through endocrine changes) alterations to the steroidogenic capacity of follicles. Unfortunately, we were unable to determine if alterations to follicle development before the onset of luteolysis were responsible, at least in part, for the delay in the onset of luteal regression in cows with EM because the exact timing of EM could not be determined. Taken together, the results for luteal dynamics and follicle development in lactating dairy cows that suffered EM around the period of CL maintenance by IFNT suggest that ovarian function alterations were mostly due to delayed luteal regression and not because of major alterations of follicular dynamics. Thus, further research should focus on understanding the mechanism underpinning the onset of luteal regression after EM. In cyclic cows, or in the absence of an embryo during the expected period of CL maintenance by IFNT, the mechanism responsible for luteolysis depends upon a series of well-orchestrated hormone release and receptor expression patterns in the uterus and ovaries [50] [51] [52] . In pregnant cows, the presence of the embryo and its secretions (e.g., IFNT and other pregnancy-specific proteins) cause profound alterations to these patterns to prevent luteolysis and sustain pregnancy. As a result, the series and timing of endocrine events that lead to the reestablishment of the luteolytic mechanism in cows that suffer EM may be different than in CY cows.
Our current results provided evidence that the combination of ISG mRNA relative abundance and circulating PSPB (marker of a suite of PAG) concentrations after AI is a reasonable method to experimentally determine the presence or absence of an embryo around the period of CL maintenance by IFNT. Cows with evidence of EM based on ISG and PSPB exhibited a pattern of ISG expression that more closely resembled that of PG than CY cows or cows with no evidence of embryo presence during this period of time. This study also highlights the substantial number of pregnancies that are present during the period of CL maintenance by IFNT that are subsequently lost.
Among cows with EM, only those with LEM had delayed luteal regression, reduced ovulation rate, and longer interovulatory intervals compared with CY cows and cows with no evidence of the presence of an embryo during the period of CL maintenance by IFNT. Thus, our results suggest that embryo development needs to continue beyond 22 days after AI to effectively prevent luteolysis and extend the luteal phase substantially. Cows in the EEM reproductive status group exhibited evidence of IFNT secretion, but the amount and timing of IFNT might have been insufficient to effectively prevent luteolysis. Finally, ovarian function alterations in cows that underwent EM were mostly due to delayed luteal regression rather than alterations of follicle development after the onset of luteolysis.
